Herpes simplex virus type 1 (HSV-1) DNA replication is associated with nuclear domains called ND10, which contain host recombination proteins such as RPA, RAD51, and NBS1 and participate in the cell's response to DNA damage. The stages of HSV-1 infection have been described previously. Infected cells at stage IIIa are observed after the initial disruption of ND10 and display nuclear foci, or prereplicative sites, containing the viral single-stranded-DNA-binding protein (UL29), the origin-binding protein (UL9), and the heterotrimeric helicase-primase. At stage IIIb, the viral polymerase, its processivity factor, and the ND10, protein PML, are also recruited to these sites. In this work, RPA, RAD51, and NBS1 were observed predominantly in stage IIIb but not stage IIIa prereplicative sites, suggesting that the efficient recruitment of these recombination proteins is dependent on the presence of the viral polymerase and other replication proteins within these sites. On the other hand, Ku86 was not found in any of the precursors to replication compartments, suggesting that it is excluded from the early stages of HSV-1 replication. Western blot analysis showed that RPA and NBS1 were (hyper)phosphorylated during infection, indicating that infection induces the host response to DNA damage. Finally, RPA, RAD51, and NBS1 were found to be associated with UL29 foci observed in transfected cells expressing UL29 and the helicase-primase heterotrimer and containing intact ND10. The ability to recruit recombination and repair proteins to various subassemblies of viral replication proteins thus appears to depend on several factors, including the presence of the viral polymerase and/or UL9 within prereplicative sites and the integrity of ND10.
Herpes simplex virus type 1 (HSV-1) is a linear doublestranded DNA virus that replicates in the nucleus of the infected cell. Viral DNA synthesis takes place within globular domains called replication compartments (55) , which contain the seven essential viral DNA replication proteins: the originbinding protein (UL9), the single-stranded-DNA-binding protein (UL29 or ICP8), the helicase-primase heterotrimer (UL5/ UL8/UL52), the viral polymerase (UL30), and its processivity factor (UL42) (reviewed in reference 75). Due to the lack of a reconstituted in vitro replication system, it has not been possible to determine whether cellular proteins are also involved in HSV-1 DNA replication.
Several lines of evidence indicate that the process of HSV-1 DNA replication is linked to recombination. For example, recombination is a frequent event within the HSV-1 genome as well as between infecting genomes and is stimulated on HSV-1 infection (14, 15, 20, 45, 59, 71, 72) . Furthermore, newly replicated DNA is larger than unit length and adopts a highly complex, possibly branched structure (6, 38, 60, 61, 64) , the formation of which is presumed to require recombination (reviewed in reference 37). Newly replicated DNA has also undergone genomic inversion (4, 28, 60, 81) . Thus, the properties of replicating DNA indicate a likely role for recombinationmediated replication (37, 75) . Although recent reports indicate that viral proteins may function to promote recombination (49, 50, 57) , it is likely that recombination during HSV-1 infection also may involve cellular recombination pathways (79) .
HSV-1 DNA replication is closely associated with a nuclear matrix-bound multiprotein domains called ND10 (also known as promyelocytic leukemia [PML] nuclear bodies), which are defined and organized by the PML protein (1, 23, 42) . Upon entry into the nucleus, parental viral genomes are found adjacent to ND10 (42) , and the viral immediate-early protein, ICP0, induces the degradation of PML and the dispersal of ND10 and associated proteins (17, 41) .
With antibodies directed against UL29 and PML, indirect immunofluorescence (IF) microscopy of HEp-2 cells infected with wild-type or mutant virus revealed the existence of several types of viral protein subassemblies leading to the formation of replication compartments (9, 12, 31) (Fig. 1) . Infected cells at stage I possess intact ND10 and display no staining for UL29. Cells at stage II appear at 1 to 2 h postinfection and are characterized by the disruption of ND10 and diffuse nuclear staining for UL29. Stage IIIa foci are defined as a limited number of prereplicative sites which contain five viral replication proteins (UL29, UL5, UL8, UL52, and UL9) (8) . Stage IIIa foci, seen in cells infected with virus lacking the viral DNA polymerase, do not contain PML. Viral replication proteins UL29, UL5, UL8, UL52, and UL9 are essential for the forma-tion of stage IIIa prereplicative sites, since mutants deficient in the genes encoding these proteins do not progress beyond stage II (31, 34) .
During wild-type infection, if viral DNA replication is blocked by the addition of the viral polymerase inhibitor phosphonoacetic acid (PAA), stage IIIb prereplicative sites containing all seven essential viral proteins form. These foci are characterized by the redistribution of certain isoforms of PML back to these sites (8) . The recruitment of PML to viral prereplicative sites depends on the presence of HSV-1 polymerase within these foci (9) . The viral polymerase, in turn, requires an active primase for its recruitment to prereplicative sites (12) , suggesting that the formation of replication compartments proceeds by an ordered series of events. The laying down of RNA primers may signal a conformational change at the replication fork which is required for the recruitment of HSV-1 DNA polymerase and transition to the elongation phase of viral DNA replication (12) . If polymerase is present, PML can be recruited to these sites (9) . Thus, recruitment of PML is dependent on the composition of the prereplicative site and hence the conformation of the replication fork. If viral replication is allowed to precede, all seven essential viral replication proteins, as well as certain isoforms of PML, are found in replication compartments (stage IV).
Transfection studies have also permitted the identification of viral protein subassemblies. Replication compartments can be reconstituted in cells transfected with plasmids encoding an HSV-1 origin of replication and expressing the seven essential viral replication proteins (35, 69, 82) . Additionally, transfected cells expressing a subset of the essential viral replication proteins (UL29, UL5, UL8, and UL52) exhibit a limited number of nuclear foci found adjacent to ND10 (33, 70) which are likely to be biologically relevant, since replication compartments are also ND10 associated.
ND10 have been shown to contain host recombination/repair proteins (reviewed in reference 47) and participate in the cell's response to DNA damage (10, 78) . ND10 proteins are redistributed in response to DNA damage (10) , and it has been proposed that ND10 may store and release proteins in response to certain external insults such as viral infection and DNA damage (47) . For instance, the ND10-associated proteins PML, Mre11, ␥H2AX, RAD50, replication protein A (RPA), and TopBP1 are redistributed to DNA repair foci induced by ionizing radiation (3, 10, 78) . The observation that some isoforms of PML are recruited into stage IIIb prereplicative sites (9) may also be an example of redistribution of cellular proteins in response to DNA damage.
In this paper we investigate the hypothesis that replicating viral DNA may induce a cellular response to DNA damage and that host recombination and repair proteins are recruited to HSV-1 DNA in a manner reminiscent of the recruitment of these proteins to sites of cellular DNA damage. We propose that HSV-1 genomes target and disrupt ND10 in order to gain access to certain ND10-associated proteins, including those involved in recombination and repair. In this study, we show that components of the homologous recombination (HR) pathway, RPA, RAD51 and NBS1 were recruited to some types of prereplicative sites but not others. Thus, as with PML (9, 12) , recruitment of these HR proteins depends on the composition of the prereplicative sites. Additionally, Ku86, which is a member of the nonhomologous end-joining (NHEJ) pathway, was not recruited to any of the subassemblies of viral proteins. We have also shown that viral infection stimulates a damage response which correlates with the recruitment of components of the HR recombination pathway to viral prereplicative sites.
MATERIALS AND METHODS
Cell lines. African green monkey kidney fibroblasts (Vero cells) were purchased from the American Type Culture Collection (Manassas, Va.) and maintained as monolayers in Dulbecco's modified Eagle's medium (Invitrogen, Carlsbad, Calif.) supplemented with 5% fetal bovine serum (Gemini Bio-Products, Woodland, Calif.), penicillin, streptomycin, and amphotericin B (Invitrogen). Cultures were maintained at 37°C in a humidified atmosphere containing 5% CO 2 .
Reagents and antibodies. (16) and the 70-kDa subunit (2H10; also called 70c) (25) of RPA were supplied by Marc Wold (University of Iowa). Monoclonal antibodies Ab-1 (anti-RAD51) and Ab-4 (anti-Ku70), and anti-DNA-PKcs antibody cocktail (Ab-4) against the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs) were purchased from NeoMarkers (Fremont, Calif.). Monoclonal antibodies directed against RAD50 (13B3) and MRE11 (12D7) were purchased from GeneTex (San Antonio, Tex.). Rabbit polyclonal anti-RAD51 antibody Ab-1 was purchased from Oncogene (San Diego, Calif.). Rabbit polyclonal antibodies anti-Ku86 (H-300) and anti-RAD52 (H-300) were purchased from Santa Cruz Biotechnology (Santa Cruz, Calif.). Rabbit polyclonal anti-NBS1 antibody (NB 100-143) was purchased from Novus Biologicals (Littleton, Colo.). Mouse monoclonal antitubulin was purchased from Sigma.
Initially, fluorescein isothiocyanate-conjugated goat anti-mouse or goat antirabbit immunoglobulin and Texas red-conjugated goat anti-mouse or goat antirabbit immunoglobulin antibodies (Cappel, Organon Teknika Corporation, Durham, N.C.) were used as secondary antibodies for IF analysis. In order to achieve greater photostability of the fluorophore, subsequent experiments employed secondary antibodies conjugated to Alexa Fluor 488 or Alexa Fluor 594 (Molecular Probes, Eugene, Oreg.). All images presented were obtained with the Alexa Fluor conjugates.
Viruses and infections. Strain KOS was used as wild-type HSV-1. The polymerase null virus HP66 was described previously (36) . Subconfluent monolayers of cells were adsorbed for 1 h with 10 PFU per cell and incubated for 5.5 to 6.0 h postadsorption. Mock infections were carried out in parallel. Where indicated, PAA was added to the medium at a concentration of 400 g/ml at the time of adsorption and maintained throughout the course of infection.
Plasmids and transfections. Constructs which constitutively express UL5 (pCM-UL5b), UL8 (pCM-UL8), UL29 (pCM-DBP), and UL52 (pCMV-UL52) from the cytomegalovirus immediate-early promoter were described previously FIG. 1. Five stages of early HSV-1 infection as defined by immunocytochemical staining of viral UL29 (red) and cellular PML (green). Yellow indicates colocalization of UL29 and at least one isoform of PML. See the text for a description of the diagram. (21, 34) . Plasmid poriS contains oriS on a 100-bp MspI fragment inserted into the SmaI site of pUC119 (52) .
Subconfluent monolayers of cells were transfected with 0.25 g of each plasmid (1.25 g total of plasmid DNA) with Lipofectamine Plus reagent (Invitrogen) according to the manufacturer's instructions.
Indirect immunofluorescence. Vero cells were grown on glass coverslips for 6 to 18 h prior to infection or transfection. At 5.5 to 6.0 h postadsorption or 16 to 18 h posttransfection, cells were washed briefly in phosphate-buffered saline (PBS) supplemented with 1 mM MgCl 2 and 0.1 mM CaCl 2 (PBSϩ) and fixed in 4% paraformaldehyde in PBSϩ for 10 min. After blocking in 3% normal goat serum (NGS) in PBS, cells were washed in PBS and, for most antibodies, permeabilized for 10 min in 1% Triton X-100 in PBS. When probing with rabbit anti-RAD51 antibody, cells were permeabilized in acetone for 2 min at Ϫ20°C, followed by a wash with PBS. Cells were incubated with primary antibodies diluted in 3% NGS for at least 30 min. Antibodies 39S, 71-9A, and 2H10 and the polyclonal antibodies anti-RAD51, anti-NBS1, and anti-Ku86 were used at a concentration of 1:200, while antibody 367 was used at 1:400. After extensive washing with PBS, cells were incubated for 30 min with secondary antibodies diluted in 3% NGS at a concentration of 1:200. After a final wash with PBS, coverslips were mounted in glycerol gelatin containing 2.5% DABCO to retard photobleaching.
Microscopy. Cells stained for IF were examined with a Zeiss LSM 410 confocal microscope system equipped with an argon-krypton laser, an Axiovert 135 inverted microscope, and a Zeiss 100X Plan Neofluar objective. Alexa Fluor 488 was excited at 488 nm, and Alexa Fluor 594 was excited at 568 nm. The emission filters used were BP505-530 and LP610, respectively. The two channels were scanned individually with settings established by using control slides. Channels were overlaid by computer for merged images. As controls, samples were stained with one primary antibody and both secondary antibodies. No overlap between the optical channels was observed for any of the samples at the settings used. At least 100 UL29-positive cells from a minimum of two independent experiments were counted per host protein examined. Collected images were arranged with Adobe Photoshop 6.0 and labeled with Adobe Illustrator 10.
Tallies of cell populations were also performed with an Olympus BX60 microscope equipped with a mercury burner, a universal reflected-light fluorescent vertical illuminator, and a UPlanFl 100ϫ objective (Olympus America Inc., Melville, N.Y.). A U-MNB filter set (Olympus), in which the long-pass barrier filter was replaced with the band pass D540/40 M filter (Chroma Technology Corp., Rockingham, Vt.), was employed for viewing Alexa Fluor 488-labeled samples, while a Texas Red filter set (Chroma Technology Corp.) was used for Alexa Fluor 594-labeled samples. Controls were performed as described above. Similar results were obtained regardless of the microscope system used.
Western analysis. Protein expression was examined by Western blot analysis. Vero cells were grown in 100-mm plates to 70% confluence. Cells were either mock infected or infected with wild-type or mutant HSV-1 at a multiplicity of infection of 10. Where indicated, 1 M camptothecin or 400 g of PAA per ml was added to the culture medium at the time of adsorption. At the indicated times, whole-cell extracts were prepared as follows. After washing the cells with ice-cold PBS, 500 l of lysis buffer (25 mM Tris-HCl [pH 8.0], 150 mM NaCl, 1% NP-40, 0.1% sodium dodecyl sulfate [SDS], 0.5% sodium deoxycholate, 10 mM EDTA) was added to each plate and incubated on ice for 30 min. Cells were then scraped into the buffer and transferred to 1.5-ml centrifuge tubes. After a brief sonication, cell lysates were clarified by centrifugation at 10,000 ϫ g at 4°C for 10 min. The supernatants were transferred to SDS-polyacrylamide gel electrophoresis (PAGE) loading buffer, boiled for 5 min, and subjected to electrophoresis in SDS-12% polyacrylamide gels. The resolved proteins were transferred onto polyvinylidene difluoride membranes by electroblotting at 60 V for 2 h. The membranes were blocked in 5% (wt/vol) nonfat dry milk in TBST (0.2% [vol/vol] Tween 20 in PBS). The membranes were incubated with primary antibodies for at least 1 h. Primary antibodies in TBST were used at the following dilutions: monoclonal anti-RAD51, anti-DNA-PKcs cocktail, and anti-Ku70 at 1:200; anti-RAD51 and antitubulin at 1:1000; 3-83, 71-9A, 2H10, anti-Mre11, and antiRad52 at 1:5,000; and anti-NBS1 and anti-Ku86 at 1:10,000. After several washes in TBST, the membranes were incubated with alkaline phosphatase-conjugated secondary antibodies at a dilution of 1:10,000 for 1 to 2 h and developed with alkaline phosphatase color detection according to the manufacturer's instructions (Promega, Madison, Wis.). The redistribution of PML back to viral assemblies is dependent on the recruitment of the viral polymerase to these sites (9) which, in turn, is dependent on an active primase (12) .
RESULTS

Subcellular
Because the life cycle of HSV-1 is intimately associated with ND10, we are particularly interested in recombination proteins that are associated with this nuclear domain. For this reason we chose the following host proteins for this investigation: RPA, a heterotrimeric single-stranded-DNA-binding protein that is involved in replication, recombination, and repair (22); RAD51, a member of the RAD52 epistasis group of gene products involved in HR (5); and NBS1, a component of the mammalian MRE11 DNA repair complex (11) that plays an essential role in HR in vertebrate cells (68) . Although not reported to be specifically associated with ND10, Ku86, a component of the NHEJ pathway (reviewed in reference 30), was also selected for this study.
It has been shown previously that both the 32-and 70-kDa subunits of RPA (RPA32 and RPA70, respectively) colocalize with UL29 in replication compartments (76) . In cells in which HSV-1 replication is inhibited with PAA, RPA70 has also been found in the numerous viral sites specific to the S phase of the cell cycle but not within the less-numerous, S-phase-independent sites (69), which we refer to as stage IIIb foci.
In order to extend these findings, we wanted to determine whether RPA32 colocalizes with UL29 in stage IIIa sites as well as in stage IIIb foci and replication compartments. As expected, no UL29 was observed in mock-infected cells above the background staining of the control (Fig. 2J) . In mockinfected cells, RPA32 was diffusely distributed within the nucleus which typically contained fewer than five RPA foci (Fig.  2K ). Double staining of Vero cells infected with wild-type HSV-1 indicated that, as previously reported (76), UL29 and RPA32 colocalized within replication compartments ( Fig. 2A  to C) . A significant colocalization of RPA32 and UL29 was observed in cells infected in the presence of PAA (Fig. 2D to  F) . This is in contrast to results reported by Uprichard and Knipe (69) , who observed no RPA staining in the S-phaseindependent sites that we refer to as stage IIIb foci. One possibility for this discrepancy is that different anti-RPA antibodies were employed. We therefore repeated the experiment with a monoclonal antibody (2H10) directed against RPA70 (Fig. 3) . Again, we observed a significant colocalization of RPA70 and UL29 in stage IIIb foci (Fig. 3A to C) as well as in replication compartments (data not shown). In our hands, RPA, as detected with antibodies against both the 32-and 70-kDa subunits, is recruited to stage IIIb foci.
We next asked whether UL29 and RPA colocalize in stage IIIa foci of cells infected with the polymerase null virus HP66. Interestingly, no significant colocalization of RPA and UL29 was observed for stage IIIa foci ( Fig. 2G and H) . In the minor population of cells in which colocalization of RPA and UL29 was noted, coincident staining was typically faint. This is in contrast to the stage IIIb population, which exhibited a colocalization pattern of UL29 and RPA that was strong and complete.
We have previously shown that PML recruitment to viral replication foci in infected cells is dependent on the presence of viral polymerase within these foci and, thus, presumably on the composition of viral proteins at the replication fork (9) . In this study we show that the recruitment of RPA to stage III sites is similarly dependent on the presence of the HSV-1 polymerase and the status of the replication machinery.
Subcellular distribution of RAD51 in infected cells. In parallel IF studies, we determined the localization of RAD51, a recombinase involved in HR, with respect to UL29 in mockand HSV-1-infected cells. As expected, no UL29 staining was observed in uninfected controls with 39S, a monoclonal antibody directed against UL29 (Fig. 4J) . Mock-infected cells typically contained fewer than five RAD51 foci per cell, and most of the staining was nuclear (Fig. 4K ). Double labeling of KOSinfected cells indicated that 61% of the cells with replication compartments displayed colocalization of RAD51 and UL29 ( Fig. 4D to F) . Furthermore, while many cells at stage IIIb of infection displayed a subset of RAD51 foci that colocalized with UL29, few cells at stage IIIa displayed this colocalization pattern ( Fig. 4G to I ). We also noted that the colocalization pattern of RAD51 in stage IIIb foci was neither as strong nor as complete as that of RPA. Nevertheless, the observation that RAD51 can be found predominantly in stage IIIb but not stage IIIa prereplicative sites indicates that, like that of RPA, its recruitment to viral foci may depend on the composition or the conformation of proteins at the replication fork. Subcellular distribution of NBS1 in infected cells. Similar experiments were performed with antibodies directed against UL29 and NBS1, a component of the MRE11 DNA repair complex. Mock-infected cells exhibited nuclear staining of NBS1, with five or fewer foci seen per cell (Fig. 5K) . When wild-type-infected cells were double stained with anti-NBS1 and 39S, NBS1 was always seen in replication compartments. Approximately 42% of the cells displaying stage IIIb foci exhibited an association of UL29 and NBS1. In many cases, a subset of NBS1 nuclear foci was seen associated with a subset of UL29 nuclear foci. Only Ϸ19% of cells at stage IIIa displayed an association of UL29 and NBS1 (Fig. 5G to I) . Thus, like PML, RPA, and RAD51, NBS1 is recruited to viral foci predominantly when viral polymerase is present.
As stated above, some stage IIIb foci colocalized with RAD51 ( Fig. 4D to F ) and some colocalized with NBS1 ( Fig.  5D to F) . The MRE11 complex, of which NBS1 is a member, and RAD51 play important but distinct roles in HR. Each is able to form foci at sites of DNA damage (39, 56) . These two proteins, however, are cytologically distinct and are not found together within any given nuclear focus (44) . It is therefore possible that while RAD51 and NBS1 are able to be recruited to stage IIIb foci, their different roles in the response to DNA double-strand breaks may prevent their recruitment to the same viral focus. This may explain the observation that neither RAD51 nor NBS1 is found in stage IIIb foci. In order to test this proposal directly, further experiments will be necessary.
Subcellular distribution of Ku86 in infected cells. Next we analyzed the localization pattern of Ku86, a DNA end-binding protein that is an essential factor involved in NHEJ. In mockinfected cells, Ku86 exhibited homogenous staining throughout the nucleus (Fig. 6K) . KOS-infected cells displayed a redistribution of Ku86 into replication compartments; however, Ku86 was never found in stage IIIb or stage IIIa prereplicative sites (Fig. 6A to I ). This is in contrast to the staining patterns of RPA, RAD51, and NBS1 which were observed in stage IIIb foci. These observations indicate that Ku86 is either excluded from or not actively recruited to early viral structures and suggest that NHEJ may not play a role in the early stages of HSV-1 DNA replication.
Western blot analysis of infected cells. We performed Western blot analysis of infected cell lysates to determine whether the relocalization of the host proteins observed in IF during infection correlated with any changes in protein levels or posttranslational modifications. In the presence or absence of PAA, cells were either mock infected or infected with either KOS or HP66. At 1 and 7 h postinfection, cells were harvested for immunoblot analysis as described in Materials and Methods.
Immunoblotting showed that, for each of the infected cell lysates, UL29 was detected at 1 h postinfection, with increased levels of UL29 seen at 7 h postinfection (Fig. 7A) . As expected, UL29 was not detected in any of the mock-infected cell lysates. Compared to mock-infected controls, the levels of RPA32, RPA70, RAD51, NBS1, and Ku86 were unaffected in infected cell lysates harvested at 1 and 7 h postinfection. At 7 h postinfection, a shift in the electrophoretic mobility was noted for NBS1 in lysates prepared from cells infected with KOS in either the absence or presence of PAA (Fig. 7A, lanes 7 and 9) . The altered migration of NBS1 has been shown to be due to phosphorylation, which occurs in response to treatment with DNA-damaging agents (39, 44, 48) . We confirmed this result by treating Vero cells with the DNA-damaging agent camptothecin at 1 M for 6 h prior to preparation of cell lysates (Fig.  7A, lane 5) . Further evidence that this slower-migrating species of NBS1 is phosphorylated was provided by the observation that it was eliminated by treatment with lambda protein phosphatase (New England Biolabs, Beverly, Mass.) (results not shown). Phosphorylation of NBS1 has also been observed following infection with adenovirus mutants that form genome concatemers (66) . The shift in the migration of NBS1 noted for KOS infection may therefore reflect a DNA damage response of the cell induced by infection with wild-type virus. A shift in the migration of NBS1 was not observed in HP66-infected cells at the same time point. That the mobility shift was noted for NBS1 when the viral polymerase was inhibited (Fig. 7A, lanes   FIG. 4 . RAD51 colocalizes predominantly with UL29 in replication compartments (RCs) and stage IIIb foci but not stage IIIa foci. Vero cells were infected with KOS in either the absence (A to C) or presence (D to F) of PAA or infected with the polymerase null mutant virus HP66 (G to I). As described in Materials and Methods, cells were double labeled with mouse anti-UL29 (39S) and rabbit anti-RAD51 to detect the localization of the HSV-1 major DNA-binding protein UL29 (green) and cellular RAD51 (red). Viral structures examined included replication compartments, stage IIIb foci, and stage IIIa foci. Mock infection in the presence of PAA gave staining patterns similar to that of mock infection in the absence of PAA (J to L and results not shown). 7 and 9) but not when it was absent (Fig. 7A, lanes 11 and 13) suggests that this particular cellular response to DNA damage is dependent on the presence but not the activity of viral polymerase. This correlates with the IF data indicating that recruitment of NBS1 and other recombination proteins to viral foci is dependent on the presence of the viral polymerase. A time course for lysates derived from KOS-infected cells indicated that phosphorylation of NBS1 occurred at approximately 5 h postinfection (data not shown).
It is well established that RPA32 is hyperphosphorylated in response to DNA damage (13, 32) . Consistent with previous findings, treatment of Vero cells with 1 M camptothecin for 6 h prior to harvest (Fig. 7A, lane 5) resulted in a shift in the electrophoretic mobility of RPA32. This shift was also observed in cells infected with KOS in the presence of PAA (Fig.   7A, lane 9) . Although we have not yet been able to directly demonstrate that the shift is due to hyperphosphorylation by using lambda protein phosphatase treatment, it is the simplest explanation. Furthermore, hyperphosphorylated RPA32 has been shown to be resistant to extraction, remaining within the nucleus (43) . We confirmed this result by using extraction conditions compatible with phosphatase activity; we were unable to extract the slowly migrating species of RPA from either camptothecin-treated cells or cells infected with KOS in the presence of PAA (results not shown). Taken together with previous results, the results of this experiment are consistent with the interpretation that the slower-migrating form of RPA32 is due to hyperphosphorylation as a result of DNA damage. This mobility shift was not seen in KOS-infected cells at 1 or 7 h postinfection in the absence of PAA (Fig. 7A, lanes   FIG. 5 . NBS1 colocalizes predominantly with UL29 in replication compartments (RCs) and stage IIIb foci but not stage IIIa foci. Vero cells were infected with KOS in either the absence (A to C) or presence (D to F) of PAA or infected with the polymerase null mutant virus HP66 (G to I). As described in Materials and Methods, cells were double labeled with mouse anti-UL29 (39S) and rabbit anti-NBS1 to detect the localization of the HSV-1 major DNA-binding protein UL29 (green) and cellular NBS1 (red). Viral structures examined included replication compartments, stage IIIb foci, and stage IIIa foci. Mock infection in the presence of PAA gave staining patterns similar to that of mock infection in the absence of PAA (J to L and results not shown).
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6 and 7, respectively). Furthermore, a time course experiment indicated that Vero cells infected with KOS in the absence of PAA and harvested hourly up to 7 h postinfection did not exhibit hyperphosphorylation at any of these time points (results not shown). PAA treatment of mock-infected cells did not elicit this response (Fig. 7A, lanes 3 and 4) , indicating that PAA is not itself inducing the cellular response to DNA damage. Interestingly, the hyperphosphorylation of RPA32 was not observed in lysates of cells infected with the polymerase null virus (Fig. 7A, lanes 7, 11, and 13) . Thus, NBS1 phosphorylation occurred in KOS-infected cells regardless of whether the viral polymerase was inhibited, whereas hyperphosphorylation of RPA32 was noted only in cells infected with KOS under conditions that inhibited the polymerase. In addition to RPA, RAD51, NBS1, and Ku86, we performed Western blot analysis of other host recombination proteins: Rad52 (an essential protein involved in HR), MRE11 and RAD50 (which, together with NBS1, form the MRE11 DNA repair complex), as well as the catalytic subunit of the DNA-dependent protein kinase (DNA-PKcs) and Ku70 (which, together with Ku86, participate in NHEJ) (reviewed in reference 30). Figure 7B shows that the levels of these proteins in lysates from infected cells remained unchanged compared to those in mock-infected controls. It has previously been reported that DNA-PKcs is degraded during HSV-1 infection of HeLa S3 cells (29, 53) . We show here that, in Vero cells, DNA-PKcs is not degraded during the course of HSV-1 infection, indicating that HSV-1-induced degradation of DNAPKcs may be cell type specific. Western blot analysis indicates that HSV-1 infection does not affect the steady-state levels of these host recombination-repair proteins but does induce the phosphorylation of NBS1 and RPA32 as a host response to DNA damage.
IF characterization of host recombination proteins in transfected cells expressing the four-protein subassembly of viral replication proteins. Cells expressing the viral helicase-primase heterotrimer and single-stranded-DNA-binding protein are able to form a four-protein subassembly which localizes adjacent to ND10 (35) . Although these foci resemble stage III foci, they are not identical. During these transfection experiments, ND10 are not disrupted because ICP0 is not present. Furthermore, transfection foci do not require the presence of UL9 for their formation, whereas stage IIIa focus formation occurs only if UL29, UL5, UL8, UL52, and UL9 are all present. To examine the relationship between the four-protein transfection foci and the stage III foci observed during infection, we examined whether RPA, RAD51, NBS1, and Ku86 could be observed with the four-protein subassembly.
Vero cells were transfected with plasmids encoding oriS, UL29, UL5, UL8, and UL52 and double stained with antibodies directed against UL29 and one of the indicated host recombination proteins as described in Materials and Methods (Fig. 8) . Untransfected controls displayed staining patterns similar to that reported for mock-infected controls described above (data not shown). Tallies of UL29-positive cells indicated that RPA, RAD51, and NBS1 each displayed an association with the four-protein subassembly in transfected cells. RPA displayed a complete colocalization with UL29 foci (Fig.  8A to C) . Figure 8 also shows that a subset of RAD51 foci associated or colocalized with UL29. NBS1 exhibited an unusual staining pattern (Fig. 8D to F) . Most of the UL29 foci were found associated with NBS1; however, rather than a punctate staining pattern, as seen for the other host recombination proteins, NBS1 appeared to surround the four-protein transfection foci (Fig. 8G and H) . The significance of this staining pattern is not clear. Finally, Ku86 was not specifically associated with the four-protein subassembly in transfected cells (Fig. 8J to L ) and instead displayed a diffuse nuclear staining pattern identical to that seen in mock-transfected controls (data not shown).
In summary, our findings show that while the recruitment of RPA, RAD51, and NBS1 was compromised at stage IIIa foci in infected cells (Fig. 2, 4 , and 5), each protein was found associated with UL29 foci in transfected cells expressing UL29 and the helicase-primase proteins (Fig. 8) . The observation that RPA, RAD51, and NBS1 were found at the transfection foci and not stage IIIa prereplicative sites is intriguing and indicates that the conditions for the recruitment of these host factors to prereplicative sites during infection may differ from the conditions found in transfected cells.
DISCUSSION
In this study, immunofluorescence microscopy was used to characterize the distribution of cellular recombination/repair proteins in replication compartments and their precursors (summarized in Table 1 ). Our finding that RPA, RAD51, NBS1, and Ku86 are recruited to replication compartments confirms and extends previous observations that RPA, PCNA, DNA ligase, polymerase ␣, p53, retinoblastoma protein, and RNA polymerase II are found in replication compartments (27, 58, 76) . Since viral gene expression, DNA replication, and packaging are all believed to occur within replication compartments, it is difficult to know whether the presence of these factors in replication compartments is specific for DNA replication per se.
In this paper, we focused on the earliest subassemblies of viral DNA replication proteins to better understand whether host factors interact with the DNA synthesis machinery during viral DNA replication. Several observations were made. (i) RPA, RAD51, and NBS1 are recruited predominantly to stage IIIb but not stage IIIa foci; (ii) Ku86 is not recruited to either stage IIIa or stage IIIb foci; (iii) Western blot analysis of Vero cells indicated that the steady-state levels of RPA, RAD51, NBS1, and Ku86 as well as other components of host recombination pathways remain unchanged throughout the course of HSV-1 infection; (iv) during infection with wild-type virus, NBS1 is phosphorylated; (v) in cells infected with wild-type virus in the presence of PAA, RPA is hyperphosphorylated; and (vi) in transfected cells expressing UL29 and the three members of the helicase-primase complex, UL29 foci which associate with RPA, RAD51, and NBS1 but not Ku86 are formed. These results suggest that components of the HR pathway may play a role at the earliest stages of HSV-1 DNA replication. Furthermore, the phosphorylation of NBS1 and RPA suggests that HSV-1 infection may activate components of the DNA damage response. These results add to the increasing body of evidence linking DNA replication, recombination, and repair in several systems (reviewed in reference 77).
Ku86 is not recruited to viral prereplicative sites. Our finding that Ku86, a component of the NHEJ pathway, was found in neither stage IIIa, stage IIIb, nor transfection foci implies Vero cells were transfected with expression plasmids bearing UL29, UL5, UL8, UL5,2 and oriS as described in Materials and Methods. At 16 to 24 h posttransfection, cells were fixed, permeabilized, and double labeled with antibodies to detect the localization of the HSV-1 major DNA-binding protein UL29 (green) and the indicated cellular recombination protein (red). The primary antibodies used were 367 (A), 39S (D, G, and J), 71-9A (B), rabbit anti-RAD51 (E), anti-NBS1 (H), and anti-Ku86 (K). Merged images are shown in panels C, F, I, and L. The foci observed in all four rows represent the four-protein subassembly UL29/UL5/UL8/UL52, which occurs at a limited number of sites within the nucleus of cells that are typically not in the S phase of the cell cycle. In our experience, the polyclonal UL29 antibody 367 stains diffusely within the nucleus in addition to a limited number of UL29 foci (A), whereas the monoclonal antibody 39S primarily detects UL29 within discrete foci (D, G, and J). Some variability in UL29 staining was always noted. (24) . It is possible that circularization is prevented via inhibition of the NHEJ pathway through ICP0-mediated degradation of DNA-PKcs, which is observed in some cell types (29, 53) . We demonstrated, however, that DNA-PKcs is not degraded during HSV-1 infection of Vero cells. Our observation that Ku86 is not recruited to the earliest sites of viral replication may indicate that, in some cell types, HSV-1 inhibits NHEJ via spatial segregation, either by excluding or failing to recruit components of this pathway to viral foci. The possible role of HR during viral DNA replication is described below. Cellular HR proteins, PML, and viral replication foci during infection. It has been recognized for some time that HSV-1 DNA replication is closely associated with ND10 (1, 23, 42) . The viral immediate-early protein ICP0 localizes to and induces the dispersal of ND10 and associated proteins (17, 41) . We have shown previously that, after the initial disruption of ND10, certain isoforms of PML can be redistributed to replication compartments and stage IIIb prereplicative sites but not stage IIIa prereplicative sites (9) . Stage IIIa foci, which form in the presence of UL29, the helicase-primase, and UL9, are not competent to recruit PML unless two conditions are met: (i) the helicase-primase is capable of primase activity (12) and (ii) the HSV-1 DNA polymerase is present (9) . We have proposed that the recruitment of polymerase to stage IIIb foci requires a conformational change at the replication fork which allows polymerase to be loaded (12) . This is reminiscent of the recruitment of bacterial and eukaryotic polymerases, which also require the presence of a primer for efficient recruitment of polymerase to the replication fork (2, 18, 46) .
Once polymerase has been loaded, we envisage that the replication fork would be competent to carry out DNA synthesis and recruit cellular proteins such as PML, RPA, RAD51, and NBS1. That stage IIIb foci are observed in the presence of PAA indicates that active DNA synthesis is probably not required for the recruitment of these proteins. However, we cannot rule out that a small amount of DNA synthesis may be taking place in the presence of PAA and may be required for the efficient recruitment of these proteins. Furthermore, it is not clear whether the recruitment of PML, RPA, RAD51, and NBS1 to viral replication forks is actually required for viral replication; however, we are intrigued by the possibility that host recombination and repair proteins may play a role in the generation of the larger-than-unit-length concatemers (reviewed in references 37 and 77).
Recruitment of RPA, RAD51, and NBS1 to HSV-1 replication foci correlates with the DNA damage response. Although no significant changes in the levels of host recombination proteins were observed, we did note that, on infection, NBS1 is phosphorylated and RPA32 is hyperphosphorylated, indicating a host response to DNA damage. We observed NBS1 phosphorylation starting at Ϸ5 h postinfection during wild-type infection ( Fig. 7A and data not shown) . Phosphorylation of NBS1 was also noted for wild-type infection under conditions in which the viral polymerase was inhibited, indicating that the host DNA damage response probably does not require either viral DNA synthesis or late viral gene expression, although we cannot rule out a small amount of DNA synthesis in the presence of PAA. NBS1 phosphorylation did not occur during infection with the polymerase null virus. These results suggest that phosphorylation correlates with the recruitment of polymerase as well as RPA, RAD51, and NBS1 to viral foci (stage IIIb). Taken together, these results suggest that the formation of a replication fork containing the HSV-1 polymerase may be seen as a signal for DNA damage.
It is worth noting that adenovirus, another DNA virus which replicates in the nucleus, has evolved a strategy for replicating its genome that does not involve the formation of larger-thanunit-length concatemers (7, 73) . In fact, concatemerization is actively prevented in adenovirus-infected cells by a mechanism which involves the reorganization and degradation of members of the Mre11-Rad50-NBS1 repair complex (66) . In the absence of early region 4, the Mre11 repair complex is not degraded, NBS1 is phosphorylated, and concatemers can form (7, 73) . Adenovirus has thus evolved to prevent concatemerization of viral DNA by inactivating the Mre11 repair complex (66) . It is interesting that herpesviruses have evolved a very different replication strategy, resulting in the generation of longer-thanunit-length viral genomes. Our findings that wild-type infection correlates with NBS1 phosphorylation and that NBS1 is recruited to the earliest sites of viral DNA replication suggest that HSV-1 may utilize the Mre11 repair complex to promote viral DNA concatemerization during replication. It will be of interest to determine whether HSV-1 DNA replication occurs in cell lines which carry mutations in this pathway.
Treatment of cells with DNA-damaging agents such as UV, ionizing radiation, or camptothecin induces a DNA damage response resulting in the hyperphosphorylation of RPA32 (13, 32, 62) . RPA32 hyperphosphorylation has been suggested to redirect the functions of RPA from DNA replication towards repair synthesis (40, 51) . In this paper, we demonstrate that HSV-1 infection is also able to induce the hyperphosphorylation of RPA32, but only in the presence of PAA. Moreover, infection with the polymerase null virus was unable to induce RPA32 hyperphosphorylation, again suggesting that a primed but inhibited replication fork may be sufficient to transmit the DNA damage signal. That RPA hyperphosphorylation does not occur in HSV-1-infected cells in the absence of PAA suggests that the signal for this type of DNA damage is not transmitted under conditions in which DNA replication occurs and replication compartments form. The nature of the signal communicated by an inhibited viral polymerase is not clear but may be related to conformational changes resembling an uncoupled or stalled replication fork (33). As described above, NBS1 phosphorylation was observed in the presence as well as the absence of PAA, indicating that the signals for these markers of DNA damage are slightly different. Despite these differences, the fact that HSV-1infections can trigger two components of the DNA damage response is significant. Unraveling the role that these proteins play during HSV-1 infection will be of considerable interest. HR proteins are associated with the four-protein transfection foci. RPA, RAD51, and NBS1 were found associated with transfection foci in cells expressing UL29 and the helicaseprimase in the absence of infection. This is somewhat surprising because, in the context of infection, stage IIIa foci, which contain these viral replication proteins plus UL9, are compromised in their recruitment of RPA, RAD51, and NBS1. Stage IIIa prereplicative sites form in the absence of polymerase and an active primase. These findings suggest that viral replication precursors that form during transfection and infection differ in fundamental ways. As mentioned above, one difference between stage IIIa foci and the transfection foci is that UL9 is required for the formation of the former but not the latter. It is possible that the presence of UL9 in stage IIIa foci may mask a site or sites needed for the recruitment of host factors. Another major difference is that the transfection foci form in the presence of intact ND10, while stage IIIa foci form only after the ICP0-induced disruption of ND10.
It is possible that ND10 disruption and the degradation of some ND10 proteins free up a site on the nuclear matrix or a matrix-associated factor necessary for the formation of stage IIIa foci. These foci are incompetent for recruitment of PML and other cellular factors until a more complete replication fork is assembled with primers and HSV-1 polymerase. According to this scenario, there may be two ways of recruiting RPA and other cellular factors to viral foci: in the context of transfection, RPA, RAD51, and NBS1 may be recruited to transfection foci which form adjacent to ND10 because of protein-protein interactions, perhaps between UL29 and RPA. In the context of infection, on the other hand, RPA, RAD51, and NBS1 may be recruited to a primed replication fork which contains the HSV-1 DNA polymerase.
We propose that the four-protein subassembly seen in transfected cells represents a biologically significant scaffold. Thus, in addition to the biochemical and enzymatic activities of UL29 and the helicase-primase, the four proteins may play an important structural role. This hypothesis is supported by studies identifying the HSV-1 proteins that provide helper function to adeno-associated virus. Heilbronn and colleagues identified UL29 and the helicase-primase as the minimal HSV-1 proteins capable of supporting adeno-associated virus replication in cell culture (74) . Furthermore, the adeno-associated virus Rep protein colocalizes with UL29 and the helicase-primase in adeno-associated virus replication centers (67) . Mutant genes defective in helicase or primase activity retain the ability to form transfection foci (12; N. Biswas and S. K. Weller, unpublished data) and still support adeno-associated virus replication (67) . We propose that the ability of UL29 and the helicaseprimase to form a scaffold which is able to recruit cellular proteins such as RPA is responsible for the helper activity of these four HSV-1 proteins.
Recombination and ND10. It is noteworthy that RPA, RAD51, and NBS1 have each been shown to be ND10 associated (3, 10, 80) , while Ku86 has not. This is of interest in light of our observation that RPA, RAD51, and NBS1 but not Ku86 resemble PML in their ability to localize to stage IIIb but not stage IIIa foci, whereas Ku86 does not colocalize to either. During infection, ND10 are disrupted, and subsequently PML and other ND10-associated proteins appear to be recruited back to UL29 foci. The significance of the re-recruitment of PML is not clear, but we have previously proposed that PML may play a role in the recruitment of other cellular proteins involved in DNA synthesis (9) . It has recently been shown that PML and ND10-associated recombination/repair proteins are involved in the host response to DNA damage (3, 10, 78) . We have shown that HSV-1 infection induces a response to DNA damage, and it is possible that the re-recruitment of PML to prereplicative sites may be related to this response. We have also proposed that, like bacteriophages lambda and T4, HSV-1 genomes may replicate via a recombination-mediated mechanism (77) . As with phage lambda, both viral and cellular recombination proteins may be involved in this process. We have recently shown that HSV-1 encodes a recombinase comprised of UL29 and the alkaline nuclease (57) .
In this report, we present evidence consistent with the involvement of host recombination and repair proteins in viral DNA replication. Interestingly, HSV infection appears to be able to inactivate the NHEJ pathway while utilizing the Mre11 repair complex as well as a virally encoded recombinase. Thus, HSV-1 may employ overlapping and partially redundant recombination-repair mechanisms in the generation of concatemeric replication intermediates during replication of its genome.
